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ABSTRACT	  	  	   The	  round	  goby	  (Neogobius	  melanostomus)	  is	  a	  species	  within	  a	  large,	  tolerant,	  prolific	  family	  of	  fishes,	  Gobiidae,	  and	  has	  successfully	  invaded	  the	  Laurentian	  Great	  Lakes	  over	  the	  past	  two	  decades.	  Among	  the	  many	  reasons	  for	  their	  success	  are	  physiological	  factors	  that	  allow	  round	  goby	  to	  rapidly	  expand	  their	  range.	  Although	  much	  research	  has	  explored	  ecological	  impacts	  and	  behavior	  of	  round	  goby,	  their	  basic	  reproductive	  biology	  and	  physiology	  in	  invaded	  systems	  is	  understudied.	  This	  study	  evaluated	  spawning	  effort	  and	  determination	  of	  reproductive	  status	  of	  female	  round	  goby	  and	  sperm	  competition	  in	  two	  alternative	  reproductive	  tactics	  of	  male	  round	  goby	  in	  southwestern	  Lake	  Michigan.	  Spawning	  peaks	  differed	  between	  two	  relatively	  proximate	  sites	  and	  occurred	  at	  14-­‐17°C.	  Peak	  spawning	  effort	  as	  determined	  by	  Gonadosomatic	  Index	  (GSI)	  score	  correlates	  with	  the	  highest	  proportions	  of	  mature	  oocytes	  and	  is	  indicative	  of	  oocyte	  turnover.	  This	  confirms	  the	  usefulness	  of	  GSI	  as	  a	  good	  indicator	  of	  spawning	  activity.	  Monthly	  egg	  counts	  were	  largely	  unchanged	  throughout	  the	  reproductive	  season	  (May-­‐September)	  confirming	  continuous	  development	  and	  maturation	  of	  oocyte	  batches	  during	  a	  protracted	  spawning	  period.	  Significant	  differences	  in	  proportional	  oocyte	  counts	  per	  sample	  period	  were	  present	  for	  stage	  1	  (immature)	  and	  stage	  3	  (mature)	  oocytes,	  which	  aids	  in	  validation	  of	  predicted	  spawning	  peaks	  from	  GSI	  scores.	  An	  almost	  ubiquitous	  standard	  of	  GSI>8%	  is	  currently	  used	  to	  determine	  mature	  reproductive	  status	  in	  round	  goby	  but	  has	  remained	  unverified	  until	  recently	  (Zeyl	  et	  al.,	  2014).	  Our	  data	  showed	  that	  mature,	  “ready-­‐to-­‐spawn”	  female	  GSI	  scores	  are	  significantly	  higher	  than	  8	  and	  the	  GSI	  scores	  of	  non-­‐reproductive	  and	  reproductive	  females	  differ	  significantly.	  However,	  the	  GSI	  scores	  of	  mature	  females	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Invasion	  History	  Gobiidae	  is	  a	  particularly	  large	  and	  thriving	  family	  of	  fishes	  (Charlebois	  et	  al.,	  1997)	  that	   can	   tolerate	   a	   wide	   range	   of	   environmental	   conditions.	   These	   fishes	   are	   extremely	  prolific	   and	  often	  have	  multiple	   alternative	   reproductive	   strategies	   and	  exhibit	   elaborate	  courtship	   and	   spawning	   behaviors.	   These	   factors	   make	   gobiids	   prime	   candidates	   for	  studies	   in	   reproductive	   physiology.	   The	   round	   goby,	   Neogobius	   melanostomus	   (Pallas	  1814),	   belongs	   to	   this	   family.	   This	   Ponto-­‐Caspian	   native	   is	   a	   successful	   invader	   of	   both	  European	  inland	  waters	  (Gulf	  of	  Gdansk	  and	  other	  regions	  of	  the	  Baltic	  Sea;	  Ojaveer,	  2006;	  Sapota,	   2004;	   Sapota	   and	   Skora,	   2005)	   and	   the	   Laurentian	  Great	   Lakes.	   The	   round	   goby	  was	   first	   observed	   in	   the	   St.	   Clair	   River	   in	   1990	   (Jude	   et	   al.,	   1992),	   a	   waterway	   that	  connects	  Lakes	  Erie	  and	  Huron.	  In	  1993,	  the	  round	  goby	  was	  observed	  in	  the	  Calumet	  River	  near	   Lake	   Michigan	   (Charlebois	   et	   al.,	   1997;	   Jude	   et	   al.,	   1995)	   after	   a	   presumed	   initial	  introduction	   via	   ballast	   water	   exchange	   along	   international	   shipping	   routes	   within	   the	  Great	   Lakes	   (Brown	  and	   Stepien,	   2009;	  Hayden	   and	  Miner,	   2009).	  After	   its	   introduction,	  the	   round	  goby	  quickly	   spread	   to	  all	   five	  Great	  Lakes	   (Charlebois	  et	  al.,	  2001;	  Dillon	  and	  Stepien,	   2001)	   although	   its	   numbers	   in	   Lake	   Superior	   are	   persistently	   low.	   It	   has	   been	  postulated	   that	   the	  slowed	  spread	  within	  Lake	  Superior	   is	  a	   result	  of	   the	  vastly	  different	  physical	  and	  chemical	  conditions	  of	   the	  Lake	   in	  comparison	  with	   the	  conditions	   found	   in	  the	  native	  Ponto-­‐Caspian	  region	  (Grigorovich	  et	  al.,	  2003).	  As	  with	  the	  initial	  introduction,	  it	   is	   likely	  that	  spread	  within	  and	  among	  the	  Great	  Lakes	  has	  been	  aided	  by	  ballast	  water	  exchange	  along	  the	  commercial	  shipping	  routes	  (LaRue	  et	  al.,	  2011).	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The	  introduction	  of	  non-­‐native	  species	  has	  been	  an	  ongoing	  issue	  in	  the	  Great	  Lakes	  since	  the	  early	  1800s,	  with	  an	  estimate	  of	  at	  least	  180	  invaders	  total,	  and	  the	  round	  goby	  has	   been	   one	   of	   the	  most	   successful	   at	   rapidly	   expanding	   into	   the	   lakes	   and	   disrupting	  native	  fauna	  (Ricciardi,	  2006;	  Vander	  Zanden	  et	  al.,	  2010).	  	  Specifically,	  it	  has	  been	  shown	  that	  the	  round	  goby	  has	  had	  a	  negative	  impact	  on	  many	  native	  species	  through	  competition	  and	  egg	  predation,	  has	  contributed	  to	  drastic	  changes	  in	  food	  web	  composition,	  shifts	  and	  reduced	  diversity,	  and	  has	  been	  correlated	  with	  increasing	  occurrences	  of	  avian	  botulism	  (reviewed	   in	  Kornis	  et	  al.,	  2012;	  Yule	  et	  al.,	  2006).	  The	  bioaccumulation	  of	   contaminants	  such	   as	   polychlorinated	   biphenyls	   (PCBs)	   and	  mercury	   in	   higher	   trophic	   levels	   has	   also	  been	  attributed	  to	  increased	  densities	  of	  round	  goby	  (Kornis	  et	  al.,	  2012).	  The	  round	  goby	  has	  been	  present	   in	   the	  Great	  Lakes	   for	  more	   than	   two	  decades	  and	  we	  have	  yet	   to	   fully	  understand	  the	  multifaceted	  reproductive	  habits	  of	   this	   influential	  species.	   It	   is	  crucial	   to	  expand	   current	   knowledge	   of	   reproductive	   biology	   and	   physiology	   of	   the	   round	   goby	   so	  that	   a	   more	   precise	   and	   accurate	   understanding	   can	   be	   formed	   and	   the	   potential	   for	  effective	   management	   strategies	   and	   tactics	   for	   prevention	   of	   secondary	   invasions	   can	  increase.	  Factors	  that	  compound	  the	  invasive	  success	  of	  the	  round	  goby	  include	  a	  wide	  range	  of	   environmental	   (e.g.,	   salinity,	   light,	   temperature)	   tolerances,	   opportunistic	   feeding	  behaviors,	  broad	  diet,	  aggressive	  inter-­‐	  and	  intra-­‐specific	  behaviors,	  abbreviate	  iteroparous	  (batch)	  spawning	  with	  protracted	  reproductive	  season	  (Charlebois	  et	  al.,	  1997),	  increased	  phenotypic	   plasticity	   (Balázová-­‐L’avrincíková	   and	  Kovác,	   2007),	   high	   fecundity	   and	  male	  parental	  care	  of	  offspring	  (MacInnis	  and	  Corkum,	  2000).	  Over	  the	  past	  two	  decades,	  much	  effort	  has	  been	  devoted	  to	  research	  of	  the	  ecological	   impacts	  of	  the	  round	  goby	  on	  native	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species	  and	  systems	  (e.g.,	  trophic	  interactions,	  habitat	  use,	  interspecific	  competition).	  Other	  key	   research	   foci	   have	   been	   rate	   and	   extent	   of	   invasion,	   life	   history	   traits	   of	   newly	  established	   populations,	   and	   management	   of	   the	   round	   goby	   (a	   summary	   of	   research	  efforts	   can	   be	   found	   in	   the	   following	   reviews:	   Charlebois	   et	   al.,	   1997;	   Charlebois	   et	   al.,	  2001;	  Corkum	  et	  al.,	  2004;	  Kornis	  et	  al.,	  2012).	  A	  smaller	  body	  of	  work	  has	  been	  devoted	  to	  the	   reproductive	   biology,	   physiology	   and	   behaviors	   of	   the	   round	   goby,	   however,	   more	  studies	   are	   needed	   to	   more	   fully	   understand	   the	   complexities	   of	   reproduction	   in	   this	  species	  (Marentette	  et	  al.,	  2009).	  Specifically,	  in	  females	  the	  pattern	  of	  oocyte	  development	  and	   turnover	  within	   a	   reproductive	   season	   remains	   undocumented	   in	   newly	   established	  populations	  in	  the	  Great	  Lakes.	  Studies	  on	  gonad	  development	  have	  been	  done	  in	  native	  as	  well	  as	  recently	  invaded	  European	  systems	  where	  round	  goby	  are	  often	  larger	  in	  size	  and	  have	   a	   higher	   age	   at	   maturity	   in	   comparison	   with	   round	   goby	   present	   in	   their	   newly	  established	  ranges	  (Kulikova,	  1985;	  Tomczak	  and	  Sapota,	  2006).	  Critical	  differences	  in	  the	  physiology	   of	   these	   globally	   dispersed	   populations	   likely	   produce	   differing	   reproductive	  characteristics	   and	   thus	   it	   is	   important	   to	   look	   at	   individual	   populations	   to	   determine	  spawning	  dynamics	  and	  effort.	  In	  males	  it	  is	  unknown	  whether	  an	  ontogenetic	  shift	  exists	  between	  alternative	   reproductive	   tactics	  or	   if	   reproductive	   tactic	   is	  a	   fixed	   tactic	   for	   that	  morph.	  The	  alternative	  male	  morphs	  found	  within	  populations	  of	  round	  goby	  in	  the	  Great	  Lakes	  paired	  with	  the	  elaborate	  reproductive	  habits	  of	  this	  species	  provide	  an	  opportunity	  to	   study	   sperm	   competition	   and	   alternative	   reproductive	   tactics	   among	   those	   morphs.	  Sperm	   competition	   studies	   have	   been	   done	   for	   other	   closely	   related	   species	   within	   the	  Gobiidae	   family	   that	   involved	  multiple	  male	   reproductive	  morphs	  which	   allows	   for	  well-­‐informed	  hypotheses	  to	  be	  postulated	  and	  tested.	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Reproduction	  Current	  knowledge	  reveals	  the	  biological,	  chemical,	  and	  behavioral	  complexities	  in	  round	  goby	  reproductive	  physiology.	  The	  round	  goby	  is	  an	  abbreviate	  iteroparous	  spawner	  with	   a	   protracted	   reproductive	   season	   (Charlebois	   et	   al.,	   1997;	   Kovtun,	   1977;	   Kulikova,	  1985).	   During	   spawning,	   there	   is	   an	   asynchronous	   release	   of	   gametes	   by	   the	   male	   and	  female.	  The	  male	   (also	  referred	   to	  as	   ‘bourgeois’	  or	  parental	  male;	   characterized	  by	  dark	  nuptial	   coloration,	   large	   body	   size,	   nest	   defense	   behavior,	   and	   short	   “barking”	  vocalizations)	  will	   invert	  within	  a	  nesting	  cavity	  and	   lay	   trails	  of	   sperm	  and	  mucin	  along	  the	  upper	   surface	  of	   the	  cavity	  before	   the	   female	  enters	   the	  nest.	  Once	   the	  male	  has	   laid	  these	  trails,	  4	  to	  6	  females	  will	  enter	  the	  nest	  separately	  over	  time	  and	  invert	  themselves	  to	  lay	  eggs	  singly	  along	  the	  upper	  surface	  of	  the	  nest	  (MacInnis	  and	  Corkum,	  2000).	  Females	  are	   capable	   of	   laying	   up	   to	   5000	   eggs	   in	   each	   batch	   and	   of	   spawning	   multiple	   times	  throughout	  one	  spawning	  season	  (Kovtun,	  1977).	  The	  male	  will	  repeatedly	  invert	  himself	  after	   eggs	   have	   been	   laid	   by	   the	   females.	   It	   has	   been	   shown	   in	   the	   laboratory	   that	  throughout	   the	   spawning	   event,	   sneaker	   males	   (also	   referred	   to	   as	   ‘parasitic’	   male;	  characterized	  by	  small	   size,	  mottled	  coloration,	  and	  engorged,	  elongated	  genital	  papillae)	  may	  enter	  the	  nest	  to	  attempt	  sneak	  fertilization	  of	  the	  eggs	  (Meunier	  et	  al.,	  2009).	  It	  is	  still	  unknown	  whether	  sneaker	  males	  rely	  on	  stealth	  or	  female	  mimicry	  when	  entering	  the	  nest	  to	  sneak	  fertilizations.	  The	  mucus	  trails	  that	  are	  laid	  by	  the	  parental	  males	  allow	  for	  time-­‐released	   sperm	   via	   the	   slow	   release	   of	   the	   embedded	   sperm	   from	   the	   mucin	   trails	  (Marconato	   et	   al.,	   1996).	   The	   seminal	   vesicles	   of	  many	   gobiid	  males	   produce	   specialized	  mucoproteins	  that	  provide	  a	  medium	  for	  the	  sperm	  to	  be	  transferred	  and	  adhered	  to	  the	  nesting	   surfaces	   and	   subsequently	   released	   slowly	   over	   the	   spawning	   period	   (Fishelson,	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1991;	  Lahnsteiner	  et	  al.,	  1992).	  It	  is	  important	  that	  parental	  males	  are	  able	  to	  elongate	  the	  time	  during	  which	  their	  sperm	  is	  released	  as	  the	  spawning	  periods	  of	  round	  goby	  can	  last	  for	  hours	  and	  multiple	  females	  enter	  the	  nest	  sequentially	  and	  lay	  batches	  of	  eggs.	  During	  this	   protracted	  period	   the	   parental	  male	   actively	   defends	   the	   nest,	   and	   spawning	   female	  within,	  from	  other	  males.	  The	  gradual	  release	  of	  sperm	  from	  the	  mucin	  trails	  allows	  for	  the	  parental	  male	  sperm	  to	  compete	  with	  sneaker	  male	  sperm	  that	  may	  be	  released	  in	  the	  nest	  while	  the	  parental	  male	  is	  engaged	  in	  nest	  defense	  (Marconato	  et	  al.,	  1996).	  The	  complex	  spawning	  behaviors	  of	   the	  round	  goby	  are	  driven	  by	  visual,	  auditory	  and	  olfactory	  cues	  (Corkum	  et	  al.,	  2006;	  Kereliuk,	  2009;	  Laframboise	  et	  al.,	  2011;	  Rollo	  et	  al.,	  2007;	  Yavno	  &	  Corkum,	  2010).	  The	  primary	  cue	  for	  timing	  of	  spawning	  events	  is	  water	  temperature	  with	  a	  suitable	  spawning	   temperature	  range	  of	  9	   to	  25°	  C	  (Charlebois	  et	  al.,	  1997).	  During	  the	  spawning	  season	  the	  round	  goby	  female	  has	  the	  potential	  to	  spawn	  4	  to	  6	  separate	  batches	  of	  eggs	  (MacInnis	  &	  Corkum,	  2000).	  There	  is	  a	  high	  investment	  in	  nest	  and	   egg	   care	   by	   the	   parental	   male	   that	   ranges	   from	   nest	   selection	   and	   defense	   to	   egg	  grooming	  and	  ventilation	  (Meunier	  et	  al.,	  2009).	  Along	  with	  complex	  spawning	  behaviors,	  many	  species	  within	   the	   family	  Gobiidae	  employ	  elaborate	  male	  alternative	   reproductive	  tactics	   (MARTs;	   i.e.,	   sneak	   fertilizations	   and	   female	   mimicry)	   and	   simultaneous	   or	  sequential	  hermaphroditism	  (Charlebois	  et	  al.,	  1997;	  Pomatoschistus	  microps,	  Magnhagen,	  1992;	  Gobius	   niger,	  Mazzoldi	   &	   Rasotto,	   2002;	  Pomatoschistus	  minutus,	   Svensson,	   2004).	  Sneaking	  MARTs	  have	  been	  observed	  in	  round	  goby	  in	  Lake	  Ontario	  (Corkum	  et	  al.,	  1998;	  MacInnis,	  1997;	  Marentette	  &	  Corkum,	  2008;	  Marentette	  et	  al.,	  2009)	  and	  one	  instance	  of	  simultaneous	  hermaphrodites	  (referred	  to	  in	  the	  study	  as	  fish	  with	  “intersex	  gonads”)	  has	  been	  recorded	  in	  a	  highly	  polluted	  harbor	  of	  Lake	  Ontario	  	  (Marentette	  et	  al.,	  2010).	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To	  address	  the	  current	  gap	  in	  knowledge	  of	  the	  reproductive	  habits	  of	  round	  goby	  in	  the	  Great	  Lakes,	  we	  conducted	  a	  research	  project	  that	  addressed	  two	  major	  issues	  within	  this	   area	   of	   study.	   First,	  we	   investigated	   the	   spawning	   effort	   and	   oocyte	   development	   of	  female	  round	  goby.	  The	  focus	  of	  this	  project	  was	  to	  establish	  timing	  of	  spawning	  and	  test	  the	  validity	  of	   reproductive	   status	   standards	   in	   female	   round	  goby	   in	   southwestern	  Lake	  Michigan.	   Second,	  we	  explored	  aspects	  of	   sperm	  competition	  and	  determined	  age	  of	   two	  distinct	  reproductive	  tactics	  of	  male	  round	  goby.	  The	  focus	  of	  this	  project	  was	  to	  determine	  whether	  two	  distinct	  male	  morphs	  were	  present	  in	  Lake	  Michigan	  populations	  used	  for	  this	  study	  and,	  if	  two	  morphs	  were	  present,	  to	  investigate	  the	  potential	  for	  an	  ontogenetic	  shift	  in	  tactic	  expression	  between	  these	  two	  morphs.	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CHAPTER	  2:	  	  
SPAWNING	  EFFORT	  AND	  DETERMINATION	  OF	  REPRODUCTIVE	  STATUS	  
IN	  FEMALE	  ROUND	  GOBY	  IN	  SOUTHWESTERN	  LAKE	  MICHIGAN	  	  
Introduction	  In	   their	   native	   range,	   female	   round	   goby	  mature	   at	   age	   2	   to	   3	   and	   are	   capable	   of	  producing	  300-­‐5000	  eggs	  per	  spawning	  event	  (Kovtun,	  1977).	  In	  contrast,	  newly	  invaded	  systems	  such	  as	   the	  Detroit	  River	  are	  characterized	  by	   females	   that	  mature	  at	  age	  1	   to	  2	  and	  produce	  on	  average	  200	  eggs	  per	  batch	  (MacInnis	  and	  Corkum,	  2000).	  This	  species	  is	  capable	   of	   spawning	   4	   to	   6	   times	  within	   a	   protracted	   spawning	   season	   at	   an	   interval	   of	  approximately	  17-­‐28	  days	  (Kovtun,	  1977;	  Charlebois	  et	  al.,	  1997;	  Corkum	  et	  al.,	  1998).	  At	  higher	   temperatures	   within	   the	   preferred	   temperature	   range,	   the	   interval	   between	  spawning	   batches	   may	   be	   shorter	   (Charlebois	   et	   al.,	   1997).	   In	   order	   to	   allow	   for	   such	  frequent	  spawning	  bouts,	  the	  round	  goby	  must	  have	  a	  mechanism	  to	  produce	  mature	  eggs	  rapidly.	  The	  oocyte	  development	  of	   this	  species	   is	  continual,	  meaning	  all	  stages	  of	  oocyte	  development	  are	  present	  simultaneously	  in	  the	  ovary.	  The	  relationship	  between	  fecundity	  and	  female	  body	  size	  as	  well	  as	  the	  absolute	  and	  relative	   abundance	  of	   oocytes	   at	   various	  developmental	   stages	  has	   yet	   to	   be	   explored	   in	  round	   goby	   populations	   within	   the	   Great	   Lakes.	   Research	   on	   body	   size,	   fecundity	   and	  oocyte	   development	   will	   provide	   valuable	   information	   not	   only	   for	   a	   more	   complete	  understanding	  of	  basic	  round	  goby	  reproductive	  biology	  in	  the	  Great	  Lakes	  but	  also	  for	  the	  comparative	   purposes	   between	   native	   European	   systems	   and	   newly	   invaded	   ones.	  Differences	   in	  populations	  along	  various	   invasion	   fronts	  and	  native	  systems	  may	  provide	  useful	   insights	   for	   devising	   management	   and	   prevention	   strategies	   for	   the	   future.	  Furthermore,	  a	  current	  and	  widely	  used	  standard	  procedure	  for	  determining	  reproductive	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status	   in	   female	  round	  goby	   is	   to	  calculate	  Gonadosomatic	   Index	  (GSI)	  scores	  and	  regard	  any	   females	  with	  GSI	   scores	  greater	   than	  8%	  to	  be	  mature	  and	   those	   less	   than	  8%	  to	  be	  immature.	  This	  standard	  has	  remained	  unverified	  until	  very	  recently	  (Zeyl	  et	  al.,	  2014).	  It	  is	  important	   to	  verify	   this	   standard	  as	   it	   is	  a	  very	  useful	  and	  relatively	   inexpensive	   tool	   for	  managers	  in	  determining	  the	  status	  and	  reproductive	  potential	  of	  round	  goby	  populations	  in	  the	  water	  bodies	  they	  manage.	  	  
Methods	  and	  Materials	  
Collection	  and	  sampling	  
	   Round	   goby	   were	   collected	   via	   angling	   from	   Jackson	   Harbor,	   IL	   and	   Waukegan	  Harbor,	   IL	   from	  May	   to	   September	   (n=552;	   Fig.	   1).	   Temperature	   loggers	  were	   placed	   at	  each	  site	  and	  recorded	  temperatures	  daily	  (Fig.	  2).	  Our	  sampling	  scheme	  was	  designed	  to	  yield	   a	   representative	   sample	   of	   female	   round	   goby	   across	   size	   range	   and	   throughout	  reproductive	   season.	   Total	   length,	   total	   weight,	   and	   ovary	   weight	   were	   recorded	   (to	  nearest	  0.1mm,	  0.01g	  and	  .001g,	  respectively)	  and	  GSI	  was	  calculated	  for	  all	  fish	  (GSI=100	  x	  gonad	  mass	   /	   body	  mass).	  A	   subsample	   (n=177)	   of	   fish	   from	  each	   site	  was	  used	   for	   egg	  counts	  and	  mean	  egg	  diameter	  was	  recorded.	  An	  additional	  subsample	  (n=95)	  of	   females	  was	  prepared	  for	  histological	  sampling.	  Females	  were	  taken	  from	  each	  sample	  throughout	  the	   season	   for	   equal	   representation	   of	   the	   reproductive	   season	   and	   then	   preserved	   and	  prepared	  for	  histology.	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Oocyte	  Histology	  All	   histological	   samples	   were	   prepared	   by	   the	   Histology	   Lab	   in	   the	   College	   of	  Veterinary	  Medicine	  at	   the	  University	  of	   Illinois.	  Fish	  used	   for	  histological	  sampling	  were	  processed	   into	  paraffin	  blocks	  using	  a	  VIP	   tissue	  processor.	  This	  processor	   runs	   samples	  through	   increasingly	   concentrated	   ethyl	   alcohols	   (70%,	   80%,	   95%,	   100%)	   to	   dehydrate	  them	  after	  which	  the	  samples	  were	  immersed	  in	  xylene.	  The	  xylene	  then	  is	  replaced	  with	  melted	   paraffin	   to	   allow	   embedment	   in	   paraffin	   blocks.	   Paraffin	   blocks	  were	   then	   thinly	  sectioned	  with	  a	  rotary	  microtome	  (4-­‐5µm).	  Extra	  care	  was	  taken	  to	  keep	  the	  ovaries	  and	  eggs	  within	  intact.	  For	  samples	  with	  minor	  ovary	  damage,	  cross-­‐sections	  were	  carefully	  cut	  to	   include	   intact	   section	   of	   ovary	   away	   from	   tissue	   damage	   as	   to	   give	   a	   more	   accurate	  representation	  of	  the	  density	  of	  eggs	  and	  developmental	  stages	  present.	  Each	  section	  was	  then	  placed	  on	  a	  slide	  and	  stained	  with	  hematoxylin	  and	  eosin.	  Histological	  samples	  were	  examined	  with	  a	  compound	  microscope	  and	  egg	  counts	   for	  each	  stage	  were	  recorded	   for	  each	   slice	  of	   the	  ovary.	  Three	   slices	  were	   read	   for	   each	  ovary	  and	  an	  ovary	  average	  was	  calculated.	  Ovaries	  were	  subject	  to	  blind	  analysis	  by	  the	  reader.	  Each	  fish	  was	  assigned	  an	  identification	   number	   and	   only	   this	   number	  was	   used	   to	   label	   each	   ovary	   sample	   at	   the	  Histology	  Lab.	  Ovaries	  were	  analyzed	  without	  reference	  to	  any	  data	  beyond	  identification	  number.	  Oocytes	  were	  classified	  according	  to	  developmental	  stages	  adapted	   from	  McMillan	  (2007;	  Fig.	  3).	  Stage	  1	  oocytes	  were	  defined	  as	  primary	  growth	  phase	  and	  consisted	  of	  two	  sub-­‐stages:	  1A)	   chromatin	  nucleolus	  phase	  and	  1B)	  perinucleolus	  phase.	   Stage	  2	  oocytes	  were	   defined	   as	   cortical	   alveolus	   formation	   phase.	   Stage	   3	   oocytes	   were	   defined	   as	  vitellogenic	  oocytes	  and	  included	  two	  types	  of	  vitellogenesis:	  1)	  endogenous	  vitellogenesis	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(characterized	  by	  perinulcear	  lipid	  yolk	  droplet	  formation)	  and	  2)	  exogenous	  vitellogenesis	  (characterized	  by	  protein	  yolk	  mass	  formation	  which	  may	  remain	  as	  droplets	  or	  coalesce	  centripetally).	   Stage	   4	   oocytes	  were	   defined	   as	   ready-­‐to-­‐spawn	   oocytes	   and	   consisted	   of	  two	   sub-­‐stages:	   4A)	   early	   maturation	   (nucleus	   migrates	   to	   micropyle)	   and	   4B)	   late	  maturation	  (nucleus	  breaks	  down	  and	  releases	  contents	  into	  surrounding	  cytoplasm).	  For	  analyses,	  both	  sub-­‐stages	  within	  stages	  1	  and	  4	  were	  treated	  as	  simply	  “stage	  1”	  and	  “stage	  4”,	   respectively.	  To	  define	  “nonreproductive”	  and	  “reproductive”	  classification	  of	   females,	  fish	   with	   only	   stage	   1	   and/or	   stage	   2	   present	   in	   the	   ovary	   were	   grouped	   to	   form	   the	  “nonreproductive”	  category	  as	  these	  two	  stages	  are	  the	  primary	  growth	  and	  development	  stages.	   Fish	   with	   stage	   3	   and/or	   stage	   4	   oocytes	   present	   in	   the	   ovary	   were	   grouped	   to	  create	   the	   “reproductive”	   category	   as	   these	   are	   the	   final	   maturation	   stages	   leading	   to	  ovulation	  (see	  Table	  1	  for	  further	  detail).	  	  
Statistical	  Analyses	  All	   data	  were	   analyzed	   using	   SAS	   (version	   9.2)	   and	  were	   examined	   for	   normality	  using	   Shapiro-­‐Wilk	   tests	   and	   for	   equal	   variance	   using	   Brown-­‐Forsythe	   tests.	   When	  normality	  and	  equal	  variance	  assumptions	  were	  not	  met,	  transformations	  were	  used.	  When	  transformations	  were	   ineffective	  non-­‐parametric	   tests	  were	  used:	  non-­‐normal	  data	  were	  tested	   using	  Wilcoxon	   Rank	   Sum	   tests	   (2	   population	   test)	   or	   Kruskal-­‐Wallis	   tests	   (more	  than	   2	   population	   test)	   and	   data	   with	   unequal	   variance	   were	   analyzed	   using	   Welch’s	  ANOVA.	  Pearson	  correlations	  were	  used	  to	  analyze	  the	  relationship	  between	  fecundity	  and	  total	  length	  and	  fecundity	  and	  total	  weight.	  A	  one-­‐way	  t-­‐test	  was	  used	  to	  test	  deviation	  of	  reproductive	   female	   GSI	   scores	   from	   the	   standard	   of	   8.0%	   currently	   used	   to	   determine	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reproductive	   status.	   This	   tested	   whether	   the	   mean	   and	   standard	   deviation	   differed	  significantly	   from	   the	   null	   value	   of	   8%	   (CI=95%).	   One-­‐way	   ANOVA,	   followed	   by	   Tukey-­‐Kramer	  post-­‐hoc	  tests,	  was	  used	  to	  test	  differences	  between	  proportions	  of	  oocytes	  in	  each	  stage	  over	  the	  reproductive	  season.	  Welch’s	  ANOVA	  was	  used	  to	  test	  differences	  between	  mean	  GSI	  scores	  of	  each	  oocyte	  stage.	  The	  Kruskal-­‐Wallis	  test	  was	  used	  to	  test	  differences	  between	  egg	  counts	  for	  each	  period.	  	  
Results	  
Patterns	  within	  reproductive	  season	  Significant	   differences	   in	   proportion	   of	   oocytes	   in	   each	   stage	   over	   time	   (sampling	  period)	   were	   found	   for	   stage	   1	   (n=95,	   F=7.98,	   p<.0001)	   and	   stage	   3	   (n=84,	   F=7.37,	  p<.0001;	   Fig.	   4).	   No	   significant	   differences	   were	   detected	   for	   stage	   2	   (n=94,	   F=0.87,	  p=0.5228)	   and	   stage	   4	   (n=19,	   χ2=9.305,	   p=0.1571).	   Significantly	   higher	   proportions	   of	  immature	   (stage	   1)	   oocytes	   were	   present	   after	   peak	   spawning	   season	   and	   significantly	  higher	   proportions	   of	   mature	   (stage	   3)	   oocytes	   were	   present	   during	   peak	   spawning	  activity.	  Although	  not	  statistically	  significant,	  oocytes	  in	  the	  ready-­‐to-­‐spawn	  stage	  (stage	  4)	  were	   only	   present	   early	   June	   through	  mid-­‐July,	   which	   is	   consistent	  with	   peak	   spawning	  activity	  in	  this	  population.	  	  
Patterns	  across	  sites	  Significant	   differences	   were	   found	   for	   mean	   GSI	   scores	   on	   the	   tails	   of	   the	  reproductive	   season	   between	   Jackson	   Harbor	   and	  Waukegan	   Harbor	   (Fig.	   5).	   Mean	   GSI	  differed	   significantly	   between	   sites	   in	   May	   (F=9.33,	   p=0.0104),	   late	   July	   (Z=5.1414,	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p<.0001),	   mid-­‐August	   (Z=-­‐5.4026,	   p<.0001),	   late	   August	   (Z=-­‐6.3273,	   p<.0001)	   and	  September	   (Z=3.8839,	   p<.0001).	   Fecundity	  was	   significantly	   correlated	  with	   total	   length	  (r=0.7605,	   p<.0001;	   Fig.	   6)	   and	   total	   weight	   (r=0.7759,	   p<.0001;	   Fig.	   7).	   In	   Waukegan	  Harbor,	  where	   pre-­‐	   and	   post-­‐spawning	   peak	   data	  were	   captured,	   approximately	   50%	   of	  females	   captured	  were	   reproductive.	  Mean	  egg	   count	  per	   sample	  period	   in	  both	  harbors	  did	  not	  differ	  significantly	  throughout	  the	  season	  (χ2=2.8171,	  p=0.8314).	  	  









Patterns	  across	  sites	  Timing	  of	   spawning	  peaks	  differed	   significantly	  between	   two	   relatively	  proximate	  harbors.	   This	   is	   likely	  due	   to	   slightly	  different	   thermal	   regimes	   and	   thus	  offset	   timing	  of	  optimal	   spawning	   temperatures.	   Although	   water	   temperatures	   only	   varied	   slightly	  between	  sites	  on	  average	  throughout	  the	  season,	  the	  timing	  of	  spring	  warming	  that	  leads	  to	  the	   temperature	   threshold	   for	   spawning	   is	   expected	   to	   be	   different	   between	   these	   two	  sites.	   As	   temperature	   has	   been	   cited	   as	   a	   cue	   for	   spawning	   in	   many	   fish	   species,	   we	  anticipated	  water	  temperature	  would	  be	  a	  driver	  in	  the	  timing	  of	  spawning	  peaks	  for	  our	  study	   sites.	   Fecundity	   is	   often	   positively	   correlated	   to	   both	   size	   and	  weight	   in	   fishes.	   As	  expected,	   fecundity	  was	  positively	  correlated	  with	  both	   total	  weight	  and	   total	   length	  and	  hence	   larger	   females	  have	  higher	  egg	  counts.	  This	   is	   intuitive	  as	  older,	   larger	   females	  are	  more	  likely	  to	  be	  reproductive	  and	  carrying	  mature	  eggs	  than	  younger,	  smaller	  females.	  In	  Waukegan	   Harbor,	   data	   were	   captured	   for	   both	   pre-­‐	   and	   post-­‐spawning	   peak.	   Our	   data	  showed	   that	   the	   spawning	  peak	  was	  characterized	  by	  approximately	  50%	  of	   the	   females	  captured	  being	  reproductively	  mature.	  The	  largely	  unchanged	  mean	  egg	  counts	  over	  time	  in	   both	   sites	   were	   indicative	   of	   continual	   oocyte	   development	   and	   the	   maturation	   of	  several	  batches	  of	  oocytes	  during	  the	  protracted	  reproductive	  season.	  
	  
Determination	  of	  reproductive	  status	  and	  validation	  of	  GSI	  standard	  Often	  a	  GSI	  greater	  than	  or	  equal	  to	  8%	  is	  used	  as	  a	  standard	  for	  reproductive	  status	  in	  female	  round	  goby	  (Gammon	  et	  al.,	  2005;	  MacInnis,	  1997;	  Marentette	  and	  Corkum,	  2008;	  Young	  et	  al.,	  2010).	  However,	  this	  standard	  had	  remained	  unverified	  until	  recently	  (Zeyl	  et	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al.,	   2014).	   It	   is	   of	   interest	   to	   know	   if	   this	   standard	   holds	   true	   for	   populations	   in	   Lake	  Michigan	  as	  it	  presumably	  does	  in	  the	  populations	  used	  to	  develop	  this	  standard	  (mostly	  in	  Lake	   Ontario)	   as	   this	   is	   a	   relatively	   easy	   and	   inexpensive	   alternative	   to	   histological	  procedures	   to	   determine	   reproductive	   status.	   Mean	   GSI	   differed	   significantly	   between	  reproductive	   and	   nonreproductive	   females,	   indicating	   that	   GSI	   may	   be	   an	   accurate	  predictor	  of	  reproductive	  status	  in	  round	  goby	  populations	  in	  southwestern	  Lake	  Michigan.	  We	   tested	   the	   standard	  of	  GSI	   scores	   greater	   than	  8%	  as	   an	   indication	  of	   reproductively	  mature	  status	  in	  round	  goby	  females	  and	  found	  that	  mean	  GSI	  of	  reproductive	  (with	  stages	  3	  and	  4	  oocytes	  present	  as	  verified	  by	  histological	  evidence)	  females	  was	  significantly	  less	  than	   8%.	   Without	   further	   analysis,	   this	   could	   be	   interpreted	   as	   evidence	   that	   the	   8%	  standard	  used	  in	  other	  populations	  for	  female	  round	  goby	  might	  be	  inappropriate	  for	  this	  population.	   To	   further	   examine	   the	   underlying	   cause	   of	   this	   result,	   mean	   GSI	   scores	   for	  each	  oocyte	  stage	  were	  calculated.	  The	  mean	  GSI	  score	  for	  stage	  4	  oocytes	  showed	  the	  8%	  standard	   captured	   all	   “ready-­‐to-­‐spawn”	   females	   with	   stage	   4	   oocytes	   present	   in	   their	  ovaries.	   The	  mean	  GSI	   for	   these	   females	  was	   13.6%	   (±	   0.93).	   This	   can	   be	   interpreted	   as	  further	   confirmation	   of	   the	   accuracy	   of	   this	  widely	   used	   standard.	   Nevertheless,	   caution	  should	   be	   used	   as	   65%	   of	   the	   females	   sampled	   for	   this	   study	   had	  mature,	   stage	   3	   or	   4,	  oocytes	  present	  in	  the	  ovary	  but	  had	  a	  GSI	  of	  less	  than	  8%	  (reproductive	  female	  GSI	  score	  ranged	  from	  0.5%	  –	  20.5%	  with	  stage	  3	  median	  of	  4.8%	  and	  stage	  4	  median	  of	  13.8%).	  The	  mean	  GSI	  for	  females	  with	  stage	  3	  oocytes,	  females	  still	  considered	  reproductively	  mature	  and	  capable	  of	  spawning	  that	  season,	  was	  significantly	  lower	  than	  the	  8%	  cutoff	  (5.65%	  ±	  0.54;	  p<.0001).	  Zeyl	  et	  al.	  (2014)	  found	  similar	  results,	  and	  we	  agree	  that	  the	  current	  GSI	  standard	  alone	  will	  underestimate	  the	  number	  of	  reproductive	  females	  in	  the	  population.	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The	   scope	   of	   a	   study	   should	   be	   considered	   when	   considering	   the	   use	   of	   GSI	   to	  determine	   reproductive	   status	   in	   female	   round	   goby.	   If	   only	   interested	   in	   estimating	   the	  currently	  reproducing	  portion	  of	  the	  population	  at	  that	  point	  in	  the	  spawning	  season	  (i.e.,	  only	  the	  “ready	  to	  spawn”	  females)	  then	  the	  current	  standard	  of	  8%	  would	  be	  appropriate.	  If	  interested	  in	  estimating	  the	  total	  portion	  of	  the	  population	  that	  is	  reproductively	  mature	  that	  year	  (spawning	  season)	  then	  a	  more	  conservative	  estimate	  of	  GSI,	  such	  as	  5%,	  might	  be	  more	   appropriate.	   If	   this	   conservative	   standard	  was	   used,	   reproductive	   females	  with	  stage	  3	  oocytes	  would	  likely	  be	  captured	  in	  the	  estimate	  while	  it	  would	  be	  highly	  unlikely	  that	   nonreproductive	   females	  would	   be	  misclassified	   as	  mean	  GSI	   for	   these	   females	  was	  0.53%	  (±	  0.05).	  GSI	  scores	   for	  stages	  2,	  3,	  and	  4	  all	  differed	  significantly	   from	  each	  other	  and	   GSI	   increased	   as	   oocyte	   stage	   increased.	   Although	   these	   scores	   differed,	   there	   are	  overlapping	  scores	  within	  these	  stages	  and	  hence	  it	  may	  not	  be	  appropriate	  to	  use	  GSI	  in	  an	  attempt	  to	  define	  stage	  of	  oocyte	  development	  within	  the	  ovary.	  
	  
Conclusions	  	   In	   summary,	  we	   found	   that	  peak	   spawning	  effort	   as	  determined	  by	  GSI	   score	  was	  verified	  and	  correlated	  with	  highest	  proportion	  of	  mature	  oocytes	  in	  the	  ovaries	  of	  female	  round	  goby.	  Thus,	  GSI	  was	  reflective	  of	  oocyte	  turnover	  and,	  from	  our	  data,	  appears	  to	  be	  a	  good	   indicator	   of	   spawning	   activity.	   Slightly	   different	   thermal	   regimes	   in	   two	   relatively	  proximate	  harbors	  appear	   to	  be	   the	  driving	   factor	   in	  offsetting	  peak	  spawning	  activity	   in	  those	  areas,	  further	  confirming	  the	  importance	  of	  temperature	  as	  a	  spawning	  cue	  for	  round	  goby.	   The	   current	   GSI	   standard	   used	   in	   the	   field	   of	   fisheries	   biology	   was	   verified	   with	  histological	   evidence	   from	   these	   populations	   but	   only	   captured	   the	   “ready	   to	   spawn”	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SPERM	  COMPETITION	  AND	  AGE	  IN	  TWO	  DISTINCT	  
REPRODUCTIVE	  MALE	  MORPHS	  OF	  ROUND	  GOBY	  
	  
Introduction	  
Sperm	  competition	   	  
Sperm	  competition	  is	  defined	  as	  any	  time	  spermatozoa	  from	  two	  or	  more	  males	  have	  the	  opportunity	  to	  fertilize	  a	  given	  set	  of	  ova	  (Parker,	  1970).	  Sperm	  competition	  has	  been	  shown	  as	  a	  strong	  selective	  pressure	  in	  males	  on	  reproductive	  anatomy	  and	  physiology	  as	  well	  as	  behavior	  and	  secondary	  sex	  traits	  (Parker,	  1998;	  Smith,	  1984).	  	  The	  theory	  of	  sperm	  competition	  suggests	  that	  there	  is	  an	  expected	  trade-­‐off	  between	  ejaculate	  expenditure	  and	  mating	   expenditure	   (Parker	   1990a;	   Parker	   1990b).	   Males	   that	   increase	   ejaculate	  expenditure	  will	   likely	   decrease	  mating	   expenditure	   and	   vice	   versa.	   This	   divergence	   has	  been	   shown	   in	   the	   blue	   head	   Wrasse,	   which	   gains	   matings	   when	   increasing	   mating	  expenditure	  through	  mate-­‐guarding	  but	  subsequently	  has	  decreased	  ejaculate	  expenditure	  and	  thus	  lower	  fertilization	  success	  (Warner	  et	  al.,	  1995).	  	  
The	  degree	  of	  sperm	  competition	  in	  a	  population	  is	  impacted	  by	  both	  risk	  (probability	  male	  will	  face	  sperm	  competition	  from	  another	  male’s	  ejaculate)	  and	  intensity	  (number	  of	  competing	   ejaculates)	   of	   competition	   (Parker	   et	   al.,	   1996).	   Based	   on	   this	   theory,	   when	  sperm	  competition	  intensity	  is	  high	  males	  that	  have	  very	  high	  ejaculate	  expenditure	  should	  be	  selected	  for	  (Parker	  and	  Pizzari,	  2010).	  Conversely,	  when	  sperm	  competition	  risk	  is	  very	  low	  males	  with	  very	  high	  mating	  expenditure	  should	  be	  selected	  for.	  These	  “high”	  levels	  of	  ejaculate	  and	  mating	  expenditure	  are	  in	  context	  of	  an	  assumed	  evolutionary	  stable	  strategy	  (Maynard	  Smith,	  1982).	  Often	  high	  sperm	  competition	  will	   lead	   to	   the	   selection	  of	  males	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with	   relatively	   larger	   testes,	   larger	   ejaculates,	   and	   ejaculates	   of	   higher	   quality	   (Snook,	  2005).	   In	  species	  where	  multiple	  male	  reproductive	  morphs	  are	  present,	  such	  as	  sneaker	  and	  parental	  males,	  levels	  of	  sperm	  competition	  are	  divergent;	  which	  is	  common	  in	  many	  fishes	   (Taborsky,	   1994).	   In	   this	   situation,	   parental	   males	   experience	   occasional	   sperm	  competition	  while	  sneaker	  males	  will	  always	  experience	  sperm	  competition.	  This	  leads	  to	  very	  different	  anatomy,	  physiology,	  and	  behavior	  between	  the	  two	  morphs.	  	  
The	  Gonadosomatic	  Index	  (GSI	  =	  100	  x	  total	  gonad	  weight/total	  somatic	  weight)	  is	  a	  representative	  of	  gonadal	  investment	  and	  in	  sneaker	  males	  is	  expected	  to	  be	  much	  higher	  than	   in	   parental	   males.	   This	   difference	   in	   allocation	   of	   testicular	   mass	   in	   multiple	   male	  morphs	   has	   been	   empirically	   demonstrated	   in	   many	   fish	   species	   (Gage	   et	   al.,	   1995;	  Montgomerie	   and	   Fitzpatrick,	   2009;	   Petersen	   and	   Warner,	   1998;	   Stockley	   et	   al.,	   1997;	  Taborsky,	   1994;	   Taborsky,	   1998).	   These	   alternative	   reproductive	   tactics	   (ARTs),	   or	  specifically	   male	   alternative	   reproductive	   tactics	   (MARTs),	   are	   often	   categorized	   into	  ‘bourgeois’	   and	   ‘parasitic’	   categories	   (Taborsky,	   1994).	   Bourgeois	   males	   are	   typically	  characterized	   by	   larger	   size	   and	   more	   aggressive	   behaviors	   which	   lead	   to	   the	  monopolization	  of	   territory,	  mates,	   and	  other	   resources	  as	  well	  as	  provide	  parental	   care.	  Parasitic	   males	   are	   smaller	   and	   adopt	   alternative	   spawning	   tactics	   such	   as	   sneak	  fertilizations	  via	  stealth	  or	  female	  mimicry.	  	  
ARTs	  in	  fishes	  	   Fish	  lend	  themselves	  well	  to	  the	  study	  of	  sperm	  competition	  because	  of	  a	  wide	  array	  of	  mating	   systems,	   life	   histories,	   and	   alternative	   reproductive	   tactics.	   In	   particular,	  ARTs	  are	  prominent	   in	   fishes	   as	   compared	  with	  other	   animal	   taxa.	  Taborsky	   (2008)	   cites	   four	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major	   reasons	   for	   this	   prominence:	   1)	   multiple	   modes	   of	   external	   fertilization,	   2)	   large	  intrasexual	   size	  dimorphism	  due	   to	   indeterminate	   growth,	  3)	  high	  variability	   in	  parental	  care	   investment	   and	   strategies,	   and	   4)	   diverse	   mechanisms	   and	   flexibility	   in	   sex	  determination.	   Alternate	   reproductive	   phenotypes	   are	   often	   the	   result	   of	   opportunistic	  responses	  to	  purely	  circumstantial	  or	  conditional	  changes	  (i.e.,	  phenotypic	  and	  behavioral	  plasticity),	   a	   persistent	   strategy	   resulting	   from	   a	   divergent	   “choice”	   early	   in	   life,	   or	   an	  ontogenetic	   shift	   over	   the	   lifetime	   of	   the	   fish	   (Taborsky,	   1998;	   Taborsky	   2008).	   A	  persistent	   strategy	  might,	   for	  example,	   result	   from	  allocating	  more	  energy	  and	  resources	  into	   testes	   mass	   rather	   than	   somatic	   mass	   with	   resultant	   limitation	   on	   future	   somatic	  growth.	  Alternatively,	  an	  ontogenetic	  shift	  may	  occur	  where	  smaller,	  younger	  fish	  assume	  a	  parasitic	   tactic	   but	   later	   assume	   a	   bourgeois	   role	   when	   larger	   and	   older.	   Examples	   of	  typical	  opportunistic	  reproductive	  phenotype	  changes	  are	  temporary	  mate	  monopolization	  or	  nest	   takeover.	  Persistent	   strategies	  often	  result	   from	  either	  genetic	  polymorphisms	  or	  conditions	   experienced	   early	   in	   life	   such	   as	   seasonal	   variation	   and	   time	   remaining	   in	  growth	  period	   (e.g.,	   ‘birthdate	   effect’:	   Taborsky,	   1998).	  Ontogenetic	   shifts	   in	  ARTs	   result	  from	   changes	   in	   body	   size	   that	   benefit	   one	   strategy	   over	   another	   coupled	   with	  indeterminate	  growth	  in	  fishes.	  These	  shifts	  are	  always	  in	  the	  direction	  of	  parasitic	  male	  to	  bourgeois	   male	   (Taborsky,	   2008).	   Bourgeois	   males	   will	   always	   benefit	   more	   from	   large	  body	  size	  than	  parasitic	  males	  and	  hence	  younger,	  smaller	  males	  will	  assume	  the	  parasitic	  strategy	  in	  a	  species	  with	  ontogenetic	  shifts	  in	  ARTs.	  It	  has	  been	  shown	  that	  ARTs	  are	  often	  associated	  with	  ontogenetic	   shifts	   (Gross,	   1996;	  Taborsky,	   1994;	  Taborsky,	   2001)	   rather	  than	   fixed,	   life-­‐long	   tactics.	  However,	   cases	  of	  persistent	  ARTs	  have	  been	  shown	   in	  a	   few	  species	  (Gross,	  1984;	  Gross,	  1996).	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   The	   family	   Gobiidae	   is	   large	   and	   prolific	   and	   is	   characterized	   by	  many	   ARTs	   and	  elaborate	  reproductive	  habits.	  Research	  has	  been	  done	  on	  sperm	  competition	  and	  ARTs	  in	  this	  family	  (Marconato	  et	  al.,	  1996;	  Mazzoldi	  et	  al.,	  2005;	  Pilastro	  et	  al.,	  2002;	  Scaggiante	  et	  al.,	   2005)	   although	   most	   of	   these	   studies	   have	   focused	   on	   grass	   goby	   (Zosterisessor	  
ophiocephalus,	  Pallas	  1814;	  Mazzoldi	  et	  al.,	  2000;	  Ota	  et	  al.,	  1996;	  Scaggiante	  et	  al.,	  1999;	  Scaggiante	   et	   al.,	   2004;)	   and	   black	   goby	   (Gobius	   niger,	   L.	   1758;	   Locatello	   et	   al.,	   2007;	  Mazzoldi	   and	   Rasotto,	   2002;	   Rasotto	   and	   Mazzoldi,	   2002)	   in	   the	   Mediterranean	   region.	  Notably	  Rasotto	  et	  al.	  (2005)	  studied	  mating	  systems	  and	  seminal	  vesicle	  characteristics	  in	  12	   gobiidae	   species.	   Other	   extensive	   cytological	   and	  morphological	  work	   has	   been	   done	  with	  seminal	  vesicles	  in	  gobiids	  by	  Fishelson	  (1991),	  who	  analyzed	  111	  species	  of	  Gobiidae.	  	  	  
MARTs	  in	  round	  goby	  It	  remains	  unknown	  whether	  an	  ontogenetic	  shift	  is	  the	  driver	  of	  the	  two	  MARTs	  in	  round	  goby	  or	  if	  these	  MARTs	  are	  a	  persistent	  choice.	  Some	  work	  has	  been	  done	  on	  male	  reproductive	   physiology,	   sperm	   competition,	   and	   MARTs	   in	   this	   species.	   Synthesis	   of	  steroids	   by	   the	   seminal	   vesicles	   (Jasra	   et	   al.,	   2007)	   and	   ultrastructure	   of	   spermatozoa	  (Allen	   et	   al.,	   2004)	   have	   been	   explored.	   Studies	   on	   selected	   aspects	   of	   behavior	   and	  morphology	  suggested	  the	  potential	  for	  two	  MARTs	  in	  the	  round	  goby	  (Corkum	  et	  al.,	  1998;	  MacInnis,	  1997;	  Marentette	  and	  Corkum,	  2008).	  Most	   recently,	  a	   study	  has	  characterized	  and	   confirmed	   two	  MARTs	   in	   the	   round	   goby	   in	   Lake	   Ontario	   (Marentette	   et	   al.,	   2009)	  based	  upon	  divergent	   external	  morphology,	   internal	   anatomy,	   endocrinology,	   and	   sperm	  characteristics.	  As	  such,	   there	  are	   two	  basic	  MARTs	  present:	  a	  parasitic	  male	  or	  “sneaker	  male”	  and	  a	  bourgeois	  male	  or	  “parental	  male”	  (Marentette	  et	  al.,	  2009).	  In	  this	  population,	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the	  parasitic	  male	  is	  smaller	  and	  lighter	  with	  nearly	  triple	  the	  investment	  in	  testes	  mass,	  a	  relatively	  longer	  urogenital	  papilla,	  and	  higher	  sperm	  density	  per	  ejaculate.	  The	  bourgeois	  male	  is	  larger	  and	  heavier	  with	  a	  wider	  head	  and	  nearly	  double	  the	  investment	  in	  seminal	  vesicle	   (accessory	  gland)	  mass,	   and	  exhibits	  higher	   levels	  of	  11-­‐ketotestosterone	   (11-­‐KT,	  primary	   fish	   androgen	   cited	   for	   development	   and	   expression	   of	   secondary	   sex	   traits	   in	  males;	  Oliveira	  et	  al.,	  2008).	   Interestingly,	  no	  differences	  were	   found	  between	  morphs	   in	  sperm	   morphology	   (tail	   length)	   and	   sperm	   velocity.	   Sperm	   competition	   theory	   would	  predict	  that	  males	  under	  high	  risk	  and	  intensity	  of	  sperm	  competition	  (i.e.,	  parasitic	  males)	  would	   have	   sperm	   qualities	   that	   would	   increase	   fertilizations	   and	   hence	   sperm	   velocity	  would	   be	   expected	   to	   be	   higher	   in	   parasitic	   males.	   Logistical	   difficulties	   certainly	   arise	  when	   attempting	   to	   evaluate	   minute	   differences	   in	   sperm	   velocity	   between	   morphs,	  especially	   when	   looking	   at	   immediate	   velocity	   upon	   activation	   (0-­‐30	   sec).	   Thus	   far,	  methodological	  solutions	  to	  these	  difficulties	  have	  not	  been	  found.	  




Methods	  and	  Materials	  
Collection	  and	  sampling	  	   Male	   round	   goby	   were	   captured	   from	   May	   to	   September	   2013	   via	   angling	   and	  entanglement	   nets	   in	   the	   Illinois	   waters	   of	   Lake	   Michigan	   at	   Winthrop	   Harbor,	   Jackson	  Harbor	   and	   Waukegan	   Harbor	   (see	   Fig.	   1).	   All	   fish	   were	   preserved	   in	   ethanol	   and	  processed	  within	   6	  months	   of	   capture.	   Data	   collected	   from	   each	   fish	   captured	   included:	  total	   length,	   total	   weight,	   coloration	   (mottled/dark),	   urogenital	   papilla	   (henceforth	  “papilla”)	   length,	   papilla	   width,	   papilla	   condition	   (engorged/soft),	   total	   gonad	   weight	  (testes	   weight	   +	   seminal	   vesicle	   weight),	   spawned	   weight	   (total	   weight	   –	   total	   gonad	  weight),	  testes	  weight,	  and	  seminal	  vesicle	  weight.	  Indices	  calculated	  for	  each	  fish	  included:	  GSI,	  relative	  papilla	  length	  (100	  x	  papilla	  length	  /	  total	  length),	  relative	  testes	  weight	  (100	  x	  testes	  weight	   /	   total	  weight),	   and	   seminal	   vesicle	   to	   testes	  weight	   index	   (100	   x	   seminal	  vesicle	   weight	   /	   testes	   weight).	   A	   recent	   study	   performed	   an	   in-­‐depth	   analysis	   and	  verification	   of	   the	   use	   of	   sagittal	   otoliths	   in	   round	   goby	   for	   age	   and	   growth	   estimation	  (Sokołowska	   and	   Fey,	   2011).	   Thus,	   sagittal	   otoliths	   were	   extracted	   from	   each	   fish	   for	  ageing	  purposes.	  After	  sagittal	  otoliths	  were	  extracted	  from	  each	  fish	  they	  were	  placed	  in	  open	  microcentrifuge	  tubes	  to	  dry	  overnight	  and	  then	  stored	  dry	  until	  aged.	  Both	  left	  and	  right	   sagittae	  were	   examined	  whole	  under	   a	   compound	   scope	   at	   10X	  while	   immersed	   in	  mineral	  oil	   (sensu	  Gümüs	  and	  Kurt,	  2009).	  Annuli	  were	   counted	  by	   two	   readers	  without	  reference	  to	  any	  fish	  data	  (i.e.,	  total	  length,	  total	  weight,	  reproductive	  morph).	  Any	  fish	  with	  different	  ages	  recorded	  by	  the	  readers	  was	  re-­‐examined	  and	  if	  consensus	  was	  not	  achieved	  upon	  second	  reading	  the	  fish	  was	  excluded	  from	  the	  analysis.	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Statistical	  analyses	  All	   data	  were	   analyzed	   using	   SAS	   (version	   9.2)	   and	  were	   examined	   for	   normality	  using	   Shapiro-­‐Wilk	   tests	   and	   for	   equal	   variance	   using	   Brown-­‐Forsythe	   tests.	   When	  normality	  and	  equal	  variance	  assumptions	  were	  not	  met,	  transformations	  were	  used.	  When	  transformations	  were	   ineffective	  non-­‐parametric	   tests	  were	  used:	  non-­‐normal	  data	  were	  tested	  using	  Wilcoxon	  Rank	  Sum	  tests	  and	  data	  with	  unequal	  variance	  were	  analyzed	  using	  Welch’s	  ANOVA.	  T-­‐tests	  were	  used	   to	   test	   for	  differences	   in	  parental	   and	  sneaker	  morph	  characteristics	  (total	  length,	  total	  weight)	  and	  indices	  (GSI,	  relative	  papilla	  length,	  relative	  testes	  weight).	  	  
Results	  
Alternative	  tactics	  	   Parental	  and	  sneaker	  male	  morphs	  differed	  significantly	  with	  regard	  to	  average	  GSI	  score,	   relative	   papilla	   length,	   relative	   testes	  weight,	   and	   seminal	   vesicle	  weight	   to	   testes	  weight	  index	  (mean,	  standard	  error,	  median	  and	  range	  values	  listed	  for	  all	  absolute	  values	  and	   indices	   in	   Table	   2).	   Average	   GSI	   score	   of	   sneaker	   males	   was	   greater	   than	   parental	  males	   (p<.0001,	   Wilcoxon	   Rank	   Sum,	   Fig.	   11).	   Relative	   papilla	   length	   was	   greater	   for	  sneaker	  males	  than	  parental	  males	  (p=.0017,	  ANOVA,	  Fig.	  12).	  Relative	  testes	  weight	  was	  five-­‐fold	  greater	  for	  sneaker	  males	  than	  parental	  males	  (p<.0001,	  Wilcoxon	  Rank	  Sum,	  Fig.	  13).	   Seminal	   vesicle	   weight	   to	   testes	   weight	   index	   was	   nine	   times	   greater	   for	   parental	  males	  than	  sneaker	  males	  (p<.0001,	  Wilcoxon	  Rank	  Sum,	  Fig.	  14).	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Ontogenetic	  shift	  	   There	  was	  a	   significant	  difference	  between	   the	  average	  age	  of	  parental	  males	  and	  sneaker	  males	  with	  parental	  males	  being	  older	  than	  sneakers	  (p<.0001,	  Welch’s	  AOV,	  Fig.	  15).	  	  
Discussion	  
Alternative	  tactics	  	   The	  results	  from	  our	  study	  clearly	  show	  two	  distinct	  male	  alternative	  reproductive	  tactics	   in	   these	   populations	   of	   round	   goby	   in	   Lake	   Michigan.	   As	   predicted	   by	   sperm	  competition	   theory	   (Parker,	  1970),	  parental	  males	   show	  a	  greater	   investment	   in	   seminal	  vesicles	  over	   testes	  and	   sneaker	  males	   invest	  more	   in	   testes	  over	   seminal	   vesicles.	   Since	  males	  that	  assume	  the	  parental	  tactic	  will	  have	  a	  higher	  investment	  in	  mating	  resources,	  it	  is	  important	  for	  these	  parental	  males	  to	  prepare	  the	  nest	  with	  mucin	  trails	  and	  to	  compete	  with	  sneaker	  males	   for	   fertilizations	   indirectly	  (through	  sperm	  embedded	  in	  those	  mucin	  trails)	  while	  protecting	  the	  nest	  directly	   from	  other	  parental	  males.	  Seminal	  vesicles	  play	  an	   important	   role	   in	   both	   of	   these	   aspects	   and	   are	   thus	   parental	   males	   show	   a	   higher	  investment	   in	   seminal	   vesicles	   relative	   to	   sneaker	   males.	   The	   seminal	   vesicle	   weight	   to	  testes	  weight	   index	   reveals	   that	   sneaker	  males	   invest	   almost	   equally	   in	   seminal	   vesicles	  and	   testes,	   further	   emphasizing	   the	   important	   role	   seminal	   vesicles	   play	   in	   the	   parental	  tactic	   via	   mucin	   production.	   	   Since	   sneaker	   males	   are	   reliant	   only	   on	   stealth	   or	   female	  mimicry	  to	  achieve	  fertilizations,	  they	  have	  a	  higher	  investment	  in	  ejaculate	  quality	  instead	  of	   mating	   resources.	   This	   leads	   to	   the	   expected	   greater	   investment	   in	   testes	   mass	   over	  seminal	  vesicle	  mass	  as	  testes	  are	  responsible	  for	  sperm	  production	  and	  storage.	  In	  many	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cases	  seminal	  vesicles	  were	  nearly	  absent	  in	  sneaker	  males.	  The	  seminal	  vesicle	  weight	  to	  testes	   weight	   index	   shows	   that	   sneaker	   males	   invest	   only	   10%	   in	   seminal	   vesicles	   as	  compared	  with	  investment	  in	  testes.	  This	  lower	  investment	  in	  seminal	  vesicles	  is	  expected	  for	   sneaker	  males	   as	   they	   do	   not	   exhibit	   any	   nesting	   behaviors	   (including	   the	   laying	   of	  mucin	  trails)	  and	  therefore	  do	  not	  require	  seminal	  vesicles	  for	  mucin	  production.	  	  Sneaker	  males	  had	  higher	  GSI	  scores,	  demonstrating	  a	  higher	  overall	  investment	  in	  gonadal	  growth	  over	  somatic	  growth.	  Relative	  papilla	   length	  was	  greater	   in	  sneaker	  males	  as	   is	  expected	  with	  males	  utilizing	  a	  tactic	  which	  relies	  primarily	  on	  sneak	  fertilizations.	  Relative	  papilla	  length	  could	  potentially	  play	  an	  important	  role	  in	  placing	  ejaculate	  in	  close	  proximity	  to	  the	  eggs	  in	  the	  nest.	  Relative	  papilla	  lengths	  between	  male	  morphs	  is	  largely	  understudied	  and	  thus	  further	  study	  is	  required	  to	  fully	  understand	  the	  role	  of	  papilla	  length	  in	  both	  sperm	  competition	  and	  fertilization	  success	  (Marentette	  et	  al.,	  2009).	  	  
Ontogenetic	  shift	  	   Our	   data	   suggests	   that	   there	   is	   an	   ontogenetic	   shift	   present	   between	   the	   sneaker	  and	   parental	   tactics	   in	   male	   round	   goby	   in	   Lake	   Michigan.	   The	   average	   age	   of	   sneaker	  males	  was	   2	  with	   a	  minimum	   age	   of	   1	   and	   a	  maximum	   age	   of	   4.	   Parental	  males	   had	   an	  average	  age	  of	  3.5	  with	  a	  minimum	  age	  of	  2	  and	  a	  maximum	  age	  of	  8.	  The	  majority	  of	  the	  sneaker	  males	  were	  age	  2.	  The	  only	  5,	  6	  and	  8	  year	  old	  fish	  were	  all	  parental	  males.	  These	  results	  suggest	  that	  reproductive	  tactic	   is	  not	  a	   fixed	  choice	   in	  round	  goby.	   Instead,	  some	  young	  males	   employ	   the	   sneaking	   tactic	   to	   achieve	   fertilizations.	  As	  males	   age	   and	  grow	  larger,	  they	  either	  transition	  from	  a	  sneaking	  tactic	  to	  the	  parental	  tactic	  or	  simply	  employ	  the	  parental	  tactic	  once	  reproductively	  mature.	  It	  is	  likely	  that	  the	  younger	  parental	  males	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(age	  2	  and	  3	  males,	  for	  example)	  were	  males	  that	  showed	  a	  higher	  investment	  in	  somatic	  growth	   in	  their	   first	  years	  and	  thus	  simply	  employed	  the	  parental	   tactic	  once	  achieving	  a	  large	   enough	   size.	   Conversely,	   the	   young	   (age	   1)	   sneaker	   males	   showed	   a	   higher	  investment	   in	  gonadal	  growth	  and	  thus	  achieved	  reproductive	  maturity	  at	  a	  younger	  age.	  As	   the	   vast	   majority	   of	   sneaker	   males	   were	   age	   2,	   it	   seems	   likely	   that	   the	   diminished	  number	   of	   age	   3	   and	   4	   sneaker	  males	   is	   a	   reflection	   of	   the	   transition	   in	   tactic	   for	  male	  round	  goby	  at	  these	  ages.	  It	  should	  be	  noted	  that	  it	  is	  possible	  that	  tactic	  is	  a	  fixed	  choice	  and	  sneaker	  males	  could	  simply	  have	  a	  shorter	   life	  span	  (i.e.,	  a	  maximum	  of	  4	  years)	  and	  that	  is	  why	  we	  do	  not	  see	  any	  sneaker	  males	  ages	  5	  and	  above.	  Further	  study	  of	  this	  area	  is	  needed	   to	   fully	  understand	   the	   interaction	  of	  age	  and	  reproductive	   tactics	   in	  male	   round	  goby.	  	  
Conclusions	  	   In	   summary,	   we	   found	   two	   distinct	   male	   morphs	   of	   round	   goby	   within	   the	  southwestern	   Lake	  Michigan	   populations	   sampled.	   A	   larger,	   darker,	   older	   parental	  male	  morph	   was	   shown	   to	   have	   higher	   relative	   investment	   in	   seminal	   vesicle	   mass,	  approximately	   equal	   investment	   in	   seminal	   vesicle	  mass	   and	   testes	  mass,	   and	   lower	  GSI	  scores.	  A	  smaller,	  mottled,	  younger	  sneaker	  male	  morph	  was	  shown	  to	  have	  higher	  relative	  investment	   in	   testes	   mass,	   an	   almost	   ten-­‐fold	   higher	   investment	   in	   testes	   mass	   than	  seminal	  vesicle	  mass,	  higher	  relative	  papilla	  length,	  and	  higher	  GSI	  scores.	  Our	  data	  suggest	  that	   an	   ontogenetic	   shift	   exists	   between	   these	   two	  male	   alternative	   reproductive	   tactics	  such	  that	  younger,	  smaller	  males	  tend	  to	  employ	  the	  sneak	  tactic	  and	  as	  they	  grow	  larger	  and	  older	  transition	  to	  the	  parental	  tactic.	  Simultaneously,	  some	  young	  males	  may	  simply	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invest	  more	   highly	   in	   somatic	   growth	   for	   the	   first	   one	   or	   two	   years,	   forego	   a	   period	   of	  sneak	  tactic	  utilization,	  and	  assume	  the	  parental	  tactic	  once	  the	  appropriate	  size	  has	  been	  achieved	  and	  sexual	  maturation	  is	  complete.	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Figure	   8.	   Histogram	   of	   GSI	   scores	   of	   all	   females	   (n=552)	   with	   subset	   histogram	   of	   all	  females	  with	  GSI	  score	  less	  than	  1.0%	  (n=266).	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Table	  1.	  Oocyte	  developmental	  stages	  adapted	  from	  McMillan	  (2007).	  Category	   Stage	   Sub-­‐stage	   Description	  
Nonreproductive	   1	  :	  Primary	  Growth	   1A	  :	  Chromatin	  Nucleolus	  
Oogonia	  transform	  into	  oocytes	  surrounded	  by	  follicle	  and	  DNA	  replicates	  and	  is	  arrested	  in	  diplotene	  “lampbrush”	  configuration	  
	   	   1B	  :	  Perinucleolus	  
Nucleus	  enlarges	  to	  become	  germinal	  vesicle;	  nuclear	  envelope	  becomes	  lobed	  and	  numerous	  nucleoli	  are	  present	  at	  periphery	  of	  germinal	  vesicle	  
Nonreproductive	   2	  :	  Cortical	  Alveolus	   	  
Cortical	  alveoli,	  zona	  pellucida	  and	  lipids	  form;	  cortical	  alveoli	  are	  membrane	  bound	  and	  small	  lipids	  form	  around	  nucleus;	  zona	  pellucida	  is	  thin	  band	  between	  oocyte	  and	  follicular	  cells	  
Reproductive	   3	  :	  Vitellogenic	   	  
Endogenous	  and	  exogenous	  yolk	  accumulation	  occur;	  endogenous	  consists	  of	  perinuclear	  lipid	  yolk	  droplets	  and	  exogenous	  consists	  of	  protein	  yolk	  mass	  Reproductive	   4	  :	  Mature	   4A	  :	  Early	  Maturation	   Germinal	  vesicle	  migrates	  to	  animal	  pole	  (micropyle)	  	  
	   4B	  :	  Late	  Maturation	  
Germinal	  vesicle	  breaks	  down	  and	  releases	  contents	  into	  cytoplasm;	  lipids	  continue	  to	  fuse	  and	  now	  freely	  move	  about	  cell	  devoid	  of	  peripheral	  attachments	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   Mean	   SE	   Median	   Range	  
Absolute	  
Values	   Total	  Weight	  (g)	   13.263	   1.471	   10.250	   29.100	  	   Total	  Gonad	  Weight	  (g)	   0.196	   0.021	   0.178	   0.435	  	   Testes	  Weight	  (g)	   0.107	   0.017	   0.090	   0.413	  	   Seminal	  Vesicle	  Weight	  (g)	   0.082	   0.011	   0.061	   0.186	  	   Total	  Length	  (mm)	   107.368	   3.403	   101.160	   63.440	  	   Papilla	  Length	  (mm)	   9.521	   0.412	   9.190	   7.740	  




	   	   	   	   	  
Absolute	  
Values	   Total	  Weight	  (g)	   3.371	   0.332	   2.600	   8.600	  	   Total	  Gonad	  Weight	  (g)	   0.140	   0.016	   0.125	   0.493	  	   Testes	  Weight	  (g)	   0.119	   0.014	   0.111	   0.415	  	   Seminal	  Vesicle	  Weight	  (g)	   0.013	   0.002	   0.009	   0.077	  	   Total	  Length	  (mm)	   69.005	   2.136	   66.920	   52.780	  	   Papilla	  Length	  (mm)	   6.804	   0.162	   6.680	   3.750	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